In epithelial cancers, cells must invade through basement membranes (BMs) to metastasize. The BM, a thin layer of extracellular matrix underlying epithelial and endothelial tissues, is primarily composed of laminin and collagen IV and serves as a structural barrier to cancer cell invasion, intravasation, and extravasation. BM invasion has been thought to require protease degradation since cells, which are typically on the order of 10 µm in size, are too large to squeeze through the nanometer-scale pores of the BM. However, recent studies point toward a more complex picture, with physical forces generated by cancer cells facilitating protease-independent BM invasion. Moreover, collective cell interactions, proliferation, cancer-associated fibroblasts, myoepithelial cells, and immune cells are all implicated in regulating BM invasion through physical forces. A comprehensive understanding of BM structure and mechanics and diverse modes of BM invasion may yield new strategies for blocking cancer progression and metastasis.
Introduction
The basement membrane (BM) is a thin, dense sheet of ECM that plays an important role in normal tissue development and function (Yurchenco, 2011) . It separates epithelia, endothelia, fat, nerve, and cardiac cells from their underlying connective tissues. The origins of the BM trace back to the advent of multicellularity, and BM proteins are widely conserved across multicellular organisms (Fidler et al., 2017) . Its two most abundant components are laminin, which provides cell signaling cues, and collagen IV, which is thought to function as the main structural backbone of the BM. Other components include nidogens, proteoglycans, and growth factors. Rich in biochemical and mechanical cues, the BM is crucial for cell signaling, structural integrity, and barrier protection against cells and very large molecules.
Abnormalities in the chemical and mechanical properties of the BM are implicated in diseases, particularly cancer. Aberrations in BM components during development result in diseases that are usually lethal before or shortly after birth (Wiradjaja et al., 2010) . Mutations in laminin are involved in diseases associated with skin, muscle, and nerve (McGowan and Marinkovich, 2000) . The BM plays a key role in epithelial cancers, or carcinomas. Epithelial BM serves as a physical barrier to carcinoma cell invasion into the surrounding stromal tissue, while endothelial BM hinders carcinoma cell invasion into (intravasation) and out of (extravasation) blood and lymphatic vessels during metastasis, which accounts for 90% of cancer-related deaths (Lambert et al., 2017;  Fig. 1 A) . In breast cancer, if carcinoma cells remain localized, the cancer is highly treatable, with a 99% 5-yr survival rate (Siegel et al., 2019) . However, once cells have invaded through BMs into the surrounding region, the 5-yr survival rate decreases to 85%; the 5-yr survival rate for patients with distant, metastatic breast cancer drops further to 27% (Siegel et al., 2019) . In some cases, carcinomas grow to centimeters in diameter without breaching the BM, while in other cases, BM invasion occurs when carcinoma growths are at the microscale. BM integrity is a key prognostic marker for breast (Gusterson et al., 1982) , colorectal (Mylonas and Lazaris, 2014) , oral (Wilson et al., 1999) , prostate (Liu et al., 2009) , and skin (Schmoeckel et al., 1989) cancer. Understanding strategies cells use to overcome the BM barrier may reveal new strategies to halt metastasis.
While the established view has been that BM invasion occurs primarily through chemical degradation of the BM with proteases, specifically matrix metalloproteinases (MMPs), emerging studies reveal that physical mechanisms of invasion may also contribute. Proteases were thought to be essential since the BM is a nanoporous barrier to the invasion of ∼10-µm-sized cells. However, a number of clinical trials using broad-spectrum or more specific MMP inhibitors failed to diminish mortality in clinical trials (Coussens et al., 2002; Fingleton, 2008) . While there are a number of explanations for this failure, including severe side effects, subtherapeutic doses, inhibitor specificity, and the advanced stage of cancer of the patients that were treated, these results indicate the possibility that nonproteolytic mechanisms may play crucial roles during metastasis. Indeed, early in vitro studies indicated that nonproteolytic migration modes are adopted by tumor cells when proteases are inhibited (Friedl and Wolf, 2003; Sahai and Marshall, 2003) . More recent work revealed that cells can invade through BMs independently of proteases in vivo and in vitro, challenging the established paradigm that proteases are always required for cancer invasion. Moreover, neighboring carcinoma and stromal cells in the tumor microenvironment can similarly exert forces to weaken the BM or promote invasion. In this review, we explore BM composition and mechanics and highlight (a) prior understanding of chemical modes as well as recent findings of physical modes of BM invasion during cancer, (b) the potential role of proliferation and collective migration on BM integrity, and (c) how neighboring stromal cells can facilitate BM invasion.
BM composition and mechanics BM assembly and composition
The BM comprises laminins, type IV collagen, nidogens, and various proteoglycans. The BM attaches to the basal surface of epithelial and endothelial cells and surrounds muscle, fat, and Schwann cells (Hohenester and Yurchenco, 2013) . In healthy tissue, the BM can be detected through histological staining of collagen IV (Wu et al., 2016) and laminin (Diaz et al., 2005) . Cancerous tissues are often distinguished by the absence of both collagen IV and laminin (Diaz et al., 2005; Wu et al., 2016) . While laminin directly binds to epithelial cells via integrin receptors, collagen IV interfaces the laminin network and surrounding connective tissue; nidogen cross-links the laminin and collagen IV networks, and proteoglycans are found throughout the BM (Fig. 1 B) . Laminin, the most abundant component of the BM, is a biologically active glycoprotein heterotrimer formed by one α, one β, and one γ chain (Martin and Timpl, 1987) ; there have been five α, four β, and three γ subunits and at least 16 laminin isoforms identified (Yurchenco, 2011) . Weak ternary binding interactions between the short arms of the α, β, and γ subunits in three adjacent laminins, along with homologous interactions between α and α or β and β subunits in adjacent laminins, generally drive laminin network formation, although variation exists among isoforms (Yurchenco and Cheng, 1993; Cheng et al., 1997; Odenthal et al., 2004) . Each laminin isoform is cell and tissue specific, modulating cell adhesion, migration, and differentiation by binding to the integrin receptors on the cells (Patarroyo et al., 2002) . α7β1, α6β4, α6β1, and α3β1 integrins bind exclusively to laminin (Humphries et al., 2006) . Nonintegrin laminin receptors include 37/67 laminin receptor, dystroglycan, and syndecan (Carulli et al., 2012; Cloutier et al., 2019) . Laminin-111 is widely found in many tissues, including the parenchymal, renal proximal tubule, adrenal, salivary, and mammary gland BM. Laminin-332 is found in the epithelial and amnion BM (Simon and Bromberg, 2017) . Laminin-511 has been implicated in cell migration, tumor growth, and metastasis, with higher levels of this isoform found in many breast, lung, thyroid, and prostate cancers (Chia et al., 2007; Pouliot and Kusuma, 2013) .
The unique structural interactions found within the collagen IV network create a strong structural, but potentially malleable, framework of the BM. While collagen IV is typically arranged on the outer layer of the BM and does not directly interact with epithelial cells, cells can bind to collagen IV via integrins α1β1 and α2β1, which may be relevant as the BM breaks down (Kern et al., 1993; Khoshnoodi et al., 2008) . The collagen IV network is observed to be arranged in a 3D, irregular polygonal architecture with pore sizes averaging ∼50 nm in amnion BM and ∼100 nm in reconstituted BM (rBM; Yurchenco and Ruben, 1987) . Figure 1 . BM composition, mechanics, and associated cell interactions. (A) During metastasis, tumor cells breach through the BM during primary tumor escape, intravasation, and extravasation. Inset corresponds to events described in B. (B) Cell integrin receptors bind to a laminin network, which binds to a collagen IV network via nidogen. Proteoglycans are also found within the BM, and collagen I is primarily found in the stromal matrix.
However, it has been suggested that the collagen IV layer exhibits a more compact 3D configuration in its native state, in which pore size can increase when stretch is applied (Halfter et al., 2015) . The maximum distance between two cross-linking sites is estimated to be 800 nm, the sum of two ∼400-nm collagen monomers (Timpl et al., 1981) . Unlike fibrillar collagens, collagen IV is not proteolytically processed when secreted, so each collagen IV component is arranged head to head, rather than in parallel (Paulsson, 1992) . These ends associate at the carboxy terminus, or the NC1 domain, through sulfilimine covalent bonds, as well as weaker hydrophobic and hydrophilic interactions (Timpl et al., 1981; Sundaramoorthy et al., 2002; Than et al., 2002; Vanacore et al., 2009) . Further, disulfide bonds, lysine cross-links, and hydrophobic bonds link the amino terminus, or 7S domain, of four collagen IV molecules together into a tetramer (Timpl et al., 1981; Yurchenco and Furthmayr, 1984; Siebold et al., 1987; Khoshnoodi et al., 2008) . Finally, weak noncovalent interactions link collagen IV molecules together laterally (Yurchenco and Furthmayr, 1984; Yurchenco and Ruben, 1987 ). The precise architectures and cross-linking interactions within the collagen IV networks in different BMs remain unclear.
Other important molecules in the BM include nidogen and proteoglycans. Nidogens-1 and -2, also known as entactins, are glycoproteins that noncovalently link the laminin and collagen IV networks, providing stabilization against mechanical stresses (Yurchenco, 2011) . The three most well-characterized proteoglycans in the BM, collagen XVIII, perlecan, and agrin, play diverse biological roles, ranging from regulating growth factor activity to promoting angiogenesis (Iozzo, 2005) . The BM also serves as a reservoir for growth factors, such as VEGF and PDGF, which tether to proteoglycans until release (Iozzo et al., 2009) . BM assembly is a multistep process regulated by laminin and collagen IV self-polymerization, intercomponent interactions, and cell-binding associations. BM assembly begins with the production and binding of laminin to cell surface receptors, such as β1 integrin or dystroglycan, to produce a high local concentration of laminins (Hohenester and Yurchenco, 2013; Glentis et al., 2014) . Once in close proximity, laminins self-assemble with one another via α, β, and γ arms (McKee et al., 2007) . During the second stage, collagen IV, nidogen, perlecan, and agrin are recruited onto the laminin scaffold, with collagen IV forming a network and nidogen linking the laminin and collagen IV networks. While the absence of collagen IV does not inhibit BM assembly during development, it prevents the formation of a structurally stable BM (Pöschl et al., 2004) .
BM structure and mechanics BM components are tightly arranged into a thin, nanoporous layer. The nanometer-sized pores of the BM restrict cell movement and diffusion of very large molecules, while permitting diffusion of smaller molecules. BM pore size is tissue specific, with the average pore size in corneal epithelial BM measured to be 32-112 nm (Abrams et al., 2000) and mammary epithelial BM measured to be ∼10 nm (Yurchenco and Ruben, 1987; Gaiko-Shcherbak et al., 2015) . Using electron microscopy, BM thickness has been found to range from tens of nanometers to the order of microns, depending on the tissue (Kefalides and Borel, 2005; Halfter et al., 2013) . Measurements of BM thickness using electron microscopy may underestimate the actual thickness, as this technique requires samples to be dehydrated; measurements using atomic force microscopy (AFM) estimate that BM thickness is twofold higher than the thickness reported from electron microscopy (Halfter et al., 2015) . Even within the same tissue, BM thickness is not uniform. For example, at the milkproducing terminal end bud of the mammary gland, the BM of the bulbous tip is ∼100 nm thick, while the thickness at the ducts reaches 1.4 µm (Paine and Lewis, 2017) .
Due to the challenges of isolating and handling the BM, there is limited knowledge of the mechanical properties of native, human BM. We review material mechanics and evidence of material descriptors that describe the BM in Box 2. It is assumed that although thin, the BM serves as structural support and barrier to cell invasion. Measurements of BM stiffness have been made on various tissues and using various mechanical testing techniques. The Young's modulus, a material property related to stiffness, of BM derived from adult chick retina was measured to be as high as 4.07 MPa (Candiello et al., 2007) , while the moduli of corneal BM ranged from 20 to 80 kPa ). Stiffness of BM from mouse mesentery was found to be ∼55 kPa (Glentis et al., 2017) . Using a microcantilever tensional assay, BM stiffness ranged from 400 to 3,000 kPa in mice renal tubules (Bhave et al., 2017) and was ∼1,400 kPa in Drosophila melanogaster Malpighian tubules (Howard et al., 2019) . AFM measurements found that the stiffness of BM that envelopes Drosophila eggs ranged up to 70 kPa (Crest et al., 2017) and up to 800 kPa (Chlasta et al., 2017) . More recently, mechanical properties of BM isolated from human mammary epithelial acini grown in vitro were characterized, and the modulus was reported to be on the order of hundreds of pascals to several kilopascals (Fabris et al., 2018) . In comparison, the Young's moduli of epithelial cells range from 0.5 to 2.5 kPa and is largely governed by the actin cytoskeleton (Xu et al., 2012; Brückner and Janshoff, 2015) . The moduli of soft tissues range from hundreds of pascals to tens of kilopascals, which is typically governed by a fibrillar collagen I network (Levental et al., 2007; Swift et al., 2013) . The large variability in BM stiffness measurements likely depends on the type and composition of BM as well as the measurement technique. For example, AFM studies typically probe materials at high frequencies or over short time periods, and the measured elastic modulus of viscoelastic materials would be expected to increase with frequency. Stiffness measurements of human BM in vivo, especially those in the context of cancer invasion, are lacking, representing an important challenge for the field.
BM mechanics are particularly important to consider because of cell mechanotransduction, or the process by which cells sense and respond to mechanical cues. It is known that ECM stiffness impacts cell processes including cell spreading (Pelham and Wang, 1997) , differentiation (Engler et al., 2006) , malignancy (Paszek et al., 2005) , migration (Lo et al., 2000) , and proliferation (Kong et al., 2005) . Known mechanisms of mechanotransduction involve actomyosin contractility (Paszek et al., 2005) , integrin clustering (Kong et al., 2005; Paszek et (Swift et al., 2013) , talin unfolding (Goult et al., 2018) , volume expansion (Lee et al., 2019a) , and Yes-associated protein (YAP) activation (Dupont et al., 2011) . However, most mechanotransduction studies are performed on collagen I, fibronectin, or RGD-presenting substrates and do not typically use substrates that present BM ligands. Thus, BM ligand-mediated mechanotransduction could involve distinct mechanisms. Indeed, increased stiffness in BM-like matrices induces a malignant phenotype in models of normal mammary epithelium 3D cultured within the matrices by inhibiting α6β4 integrin clustering into hemidesmosomes (Chaudhuri et al., 2014) , independently of YAP activation (Lee et al., 2019b) . Due to the thinness of the BM underlying epithelial tissues, a key question is whether cells can sense the stiffness of only the immediate BM or if they can also sense the stiffness of the stromal matrix beyond the BM. Studies show that cells can sense stiffness on the micron scale, so the effective stiffness sensed by cells in direct contact with the BM could be impacted by the mechanical properties of the surrounding stromal matrix (Sen et al., 2009; Buxboim et al., 2010; Lin et al., 2010; Mohammadi and McCulloch, 2014) . This is supported by in vitro experiments in which mammary epithelial acini immediately surrounded by endogenous BM invade following increased stiffness of the matrix outside of the BM (Stowers et al., 2017) . Thus, the stiffening of stromal tissue from ∼100 Pa to several kilopascals that occurs during breast cancer progression (Acerbi et al., 2015) is likely sensed by epithelial cells shielded from the stromal matrix by the BM. However, the degree to which changes in stromal matrix mechanics alters the effective stiffness of the BM sensed by cells remains unclear.
Chemical and physical modes of BM invasion
Protease-dependent BM degradation Proteases, enzymes that can selectively degrade peptide bonds between amino acids, are used by cells to chemically degrade ECMs including BM. Early studies found that cancer cells can degrade collagen IV and that increased degradation correlated with greater metastatic potential (Liotta et al., 1980) . Histological evidence shows that loss of BM can be detected at the site of transition from a benign ductal carcinoma in situ to an invasive ductal carcinoma (Carraro et al., 2014) . Tumor cell migration through collagen I-rich stromal matrix with dense covalent cross-links requires the production of MMPs (Sabeh et al., 2004) . BM degradation not only weakens its barrier function, but also enhances cell migration through signals induced by the cleaved product (Gilles et al., 2001; Udayakumar et al., 2003; Koshikawa et al., 2004) . See Box 1 for a discussion of in vitro models of BM invasion. While six classes of proteases-MMPs and cysteine, serine, threonine, glutamic acid, and aspartate proteases-may all be involved in cancer invasion to some degree, MMPs are thought to be especially important during BM invasion (Webber et al., 1995; Danø et al., 1999; Eatemadi et al., 2017) . In particular, expression of MT1-MMP (MMP14), MMP15, or MMP16 was found Box 1. In vitro models of BM invasion rBM In vitro models of cancer invasion using rBM are powerful tools to elucidate the dynamics of BM invasion. Commercially available as Matrigel or Cultrex, rBM derived from the Engelbreth-Holm-Swarm (EHS) sarcoma is widely used to study BM invasion (Kleinman et al., 1982) . The utility of EHS-derived rBM in culture was demonstrated by the Bissell group, who showed that healthy and cancerous mammary epithelial cells exhibited distinguishable phenotypes when cultured in rBM, but not on normal tissue culture plastic (Petersen et al., 1992) . rBM, which gels at 37°C, contains on the order of 60% laminin, 30% collagen IV, 8% entactin, and 2% proteoglycans and/or growth factors, although the exact proportion can vary substantially between batches (Corning Incorporated, 2013). The average pore size of rBM matrix has been estimated to be 20-60 nm for rBM concentrations ranging from ∼4 mg/ml to 17 mg/ml (Chaudhuri et al., 2014) . While the major components of rBM can be found in native BM, the only laminin isoform found in rBM is laminin-111 (Patarroyo et al., 2002) . Furthermore, covalent cross-links found in native BM are not found in rBM, although methods to introduce covalent cross-links into rBM exist . For a thorough overview of in vivo BM invasion models, the reader is referred to an excellent recent review (Kelley et al., 2014) . rBM has been used in different approaches to study BM invasion in vitro. One method involves seeding cells onto rBM-coated Transwell inserts and counting the number of cells that migrate through the rBM and transwell pores (Kargozaran et al., 2007; Xie et al., 2009) . Increased cell counts correspond to enhanced invasion capabilities. Addition of chemoattractant to the culture medium stimulates downward migration through the Transwell membrane. Alternatively, cells can be seeded on a layer of rBM with rBM-supplemented medium as 2.5D culture to capture horizontal cell movements, or embedded within rBM as 3D culture to capture multidirectional cell movements (Weaver et al., 1997; Leung and Brugge, 2012) . However, one limitation is that the stiffness of pure, gelled EHS extract ranges from 100 Pa to 1 kPa, depending on density (Soofi et al., 2009; Chaudhuri et al., 2014) , which may be low compared with native BMs. rBM stiffness can be tuned by incorporating a second material, such as collagen I (Paszek et al., 2005) , polyethylene glycol (Beck et al., 2013) , or alginate (Chaudhuri et al., 2014) .
Native or cell-secreted BM
In addition to rBM-derived systems, native or cell-secreted BMs are used to model BM invasion in vitro. BM can be recovered from human peritoneum, stripped of overlying cells, mounted onto a holder, and seeded with cells (Hotary et al., 2006; Glentis et al., 2017) . Alternatively, cells can also deposit BM in vitro. Endothelial cells that form microvessels deposit their own BM . Alveolar epithelial cells cultured on dense fibrillar collagen supplemented with rBM can secrete their own BM (Furuyama and Mochitate, 2000) . When mammary epithelial cells are grown in rBM matrix, not only do they self-assemble into 3D, polarized acini structures, but they also secrete their own BM (Debnath et al., 2003) . While the rBM contains laminin-111, this cell-secreted BM contains laminin-332. The rotational movement known as coherent angular motion of mammary epithelial cells during self-assembly into acini in 3D culture is critical to the production of endogenous BM (Tanner et al., 2012; Wang et al., 2013) . Similarly, rotational movement plays an important role in BM polarization in Drosophila egg chamber formation (Cetera et al., 2014) .
Collagen I versus BM models
While collagen I gels are often used to study cell migration, they are not ideal BM invasion models. Compared with the nanoporous, sheet-like nature of BM, collagen I gels are microporous and fibrillar (Wolf et al., 2013) . Moreover, collagen I is a potent ligand for many receptors involved in adhesion, differentiation, migration, and proliferation (Boraschi- Diaz et al., 2017) . Mammary epithelial cells do not polarize into 3D acini in collagen I gels (Gudjonsson et al., 2002) , and human breast tumor organoids invade into the surrounding matrix when embedded in collagen I, but not in rBM (Nguyen-Ngoc et al., 2012) . Thus, while collagen I matrices are useful for modeling cell migration through the stromal matrix, they may not capture key aspects of BM invasion.
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to be necessary and sufficient for tumor cell invasion through ex vivo peritoneal BM or BM secreted by MDCK cells (Hotary et al., 2006) . While MT1-MMP, MMP15, and MMP16 are membrane-bound MMPs that cleave many ECM substrates, MMP2 and MMP9 are secreted MMPs that selectively degrade collagen IV (Jacob and Prekeris, 2015) . Beyond their function in degradation, MMPs also process cytokines and chemokines, thus playing important roles in physiological processes including inflammation, neovascularization, and differentiation (Nagase et al., 2006; Van Lint and Libert, 2007) . Without MMPs, it was found that cancer cells can squeeze and migrate through rigid or elastic pores only when the pores are larger than ∼3 µm in diameter, with the deformability of the stiffer nucleus serving as the limiting factor (Wolf et al., 2013; Harada et al., 2014) . Given that BMs are nanoporous, the thinking has been that cells must use proteases to biochemically degrade the BM or migrate through large defects in the BM. Invadopodia are mechanosensitive actin-rich protrusions implicated in delivering proteases to the matrix. Marked by cortactin, Tks4, and Tks5, invadopodia cyclically protrude on the timescale of hours and are 0.5-2 µm wide and >2 µm long (Murphy and Courtneidge, 2011; Leong et al., 2014) . Invadopodia use MMP2, MMP9, and MT1-MMP to degrade the BM (Clark et al., 2007; Poincloux et al., 2009 ). Application of mechanical strain onto the surrounding ECM enhances invadopodia maturation and cell invasion (Gasparski et al., 2017) . Invadopodia activity is highest at moderate levels of cross-linking in collagen I matrices, compared with much lower or higher cross-linking (Pourfarhangi et al., 2018) . Increased ECM stiffness on 2D surfaces promotes the invadopodia formation, thus increasing degradation Jerrell and Parekh, 2016) . To quantify invadopodia activity, gelatin degradation assays are commonly used, since many of the same proteases that degrade the BM also degrade gelatin. In this assay, cells are seeded onto a layer of fluorescent gelatin, and a decrease in signal equates to degraded gelatin and, therefore, invadopodia activity (Díaz, 2013) . However, gelatin assays may not permit complete invadopodia formation and maturation (Tolde et al., 2010) . On 2D substrates, protrusions lengths are limited to <1 µm due to the thin layer of gelatin that is blocked by the underlying glass (Enderling et al., 2008) . In 3D BM-like matrices, invadopodia lengths can reach as high as 20 µm (Wisdom et al., 2018) . More rigorous studies to determine the effect of stiffness and other mechanical properties on invadopodia formation in 3D are needed.
Force-driven BM invasion
The role of protease-independent BM invasion has been controversial but has been implicated in immune cells and, more recently, carcinoma cells. Immune cells frequently traverse vascular BM to enter blood circulation during inflammation. Leukocytes, neutrophils, and monocytes all preferentially migrated through areas of venular BM that exhibited lower (<60%) protein deposition of laminin, collagen IV, and nidogen (Wang et al., 2006; Voisin et al., 2009) . While monocytes were highly deformable and squeezed through existing openings in the BM, neutrophil migration led to remodeling and subsequent enlargement of these low-protein sites. Dendritic cells have been shown to migrate through preexisting openings in the lymphatic BM by widening these small gaps (Pflicke and Sixt, 2009 ). After being widened by cells, these gaps returned to a baseline slightly larger than the original gap size, indicative of mechanical plasticity of the BM (Box 2). Protease-independent BM invasion in immune cells suggested the possibility of a protease-independent strategy to BM invasion by carcinoma cells.
In a Caenorhabditis elegans model of BM invasion, cells could invade through the BM without proteases by applying force to deform the BM (Cáceres et al., 2018; Kelley et al., 2019) . In C. elegans, an anchor cell, or specialized uterine cell, crosses the BM during a precise time during development, making it a useful in vivo model to study BM invasion. While anchor cells normally use proteases to degrade the BM, MMP-deficient anchor cells were still able to breach the BM by physically displacing the BM, evidenced by increased BM signal around the displaced hole ( Fig. 2 A; Kelley et al., 2019) . While wild-type animals used invadopodia to breach the BM, MMP-deficient animals formed protrusions that were approximately five times larger than normal invadopodia and enriched in actin, Arp2/3, mitochondria, and ATP (Kelley et al., 2019) .
Mechanistically, recent results indicate that matrix mechanical plasticity of the BM could permit protease-independent invasion in the absence of micron-sized defects. As with other soft tissues that are formed in part through weak bonds that link ECM proteins together, the BM likely exhibits some degree of mechanical plasticity (Box 2). A recent study examined the invasion and migration of cells through BM-like matrices with tunable mechanical plasticity. When the matrix exhibits sufficiently high mechanical plasticity, cells can widen nanosized pores within the BM-like matrices to create channels large enough for cells to invade through (Wisdom et al., 2018) . Mechanistically, invadopodia exert both protrusive and contractile forces during repeated extension and retraction cycles to deform their surroundings and permanently open up micronsized channels in the matrix (Fig. 2 B; Wisdom et al., 2018) . While the primary function of invadopodia was thought to be BM degradation with proteases, these results highlight the role of invadopodia in generating force. Once micron-sized channels in the matrix were opened, cells then migrated through, exerting protrusive forces at the leading edge (Fig. 2 C) . Increased covalent cross-linking of BM-like matrices diminishes matrix mechanical plasticity and restricts protrusions . One indication of plasticity-mediated invasion is matrix densification (Box 2). While holes in epithelial BM associated with initial invasion are difficult to capture, holes in lymphatic BM, including near metastases, have been observed (Pflicke and Sixt, 2009; Mayorca-Guiliani et al., 2017) . These holes exhibit increased signal intensity at the border, suggesting matrix densification rather than degradation. This newly identified mechanism of protease-independent migration suggests that cells can circumvent protease-targeting drugs by engaging a physical migration mechanism (Fig. 2 D) . In addition, the use of invadopodia in both protease-mediated and proteaseindependent invasion by carcinoma cells suggests the possibility that cells may use both modes synergistically during invasion in vivo.
Homotypic cell interactions on cancer cell invasion through the BM Proliferation
Whether proliferation and invasion programs interact to overcome the BM barrier has been a question of great interest. Pathological studies found that above a threshold size, larger tumors are correlated with increased metastatic potential in renal and breast carcinoma, indicating a possible connection between proliferation and invasion (Thompson et al., 2009; Sopik and Narod, 2018) . As cancer cells proliferate and ECM deposition increases, tumors grow and expand, while solid stress from the surrounding BM and stromal matrix resists this expansion. Experimental measurements combined with computational modeling indicate solid stresses of hundreds of pascals in brain tumors, ∼1 kPa in breast tumors, and ∼10 kPa in pancreatic tumors (Nia et al., 2016; Seano et al., 2019) . Thus, the BM may be under a tensional prestress due to tumor expansion. One study found that mechanical compression of cancer cells on a 2D substrate with an agarose pad drives cancer cells toward an invasive phenotype, promoting leader cell activity (Tse et al., 2012) . However, another study reported that a brief, transient compression applied to malignant breast cancer cells cultured in 3D BM-like matrices induced a phenotypic revision, with the cells establishing normal tissue architecture (Ricca et al., 2018) .
Recent work has implied the possibility that forces generated during cell division could directly weaken the BM, facilitating cancer invasion. Dividing cells generate extracellular protrusive stresses along the mitotic axis in the range of 1-2 kPa to allow mitotic elongation . Matrix deformation is greatest during anaphase and telophase/cytokinesis, due to forces generated by interpolar spindle elongation and cytokinetic ring contraction, which drives expansion along the mitotic axis due to volume conservation ( Fig. 3 A) . Although the maximum compression force that native human BM can withstand is unknown, these findings raise the possibility that forces generated during tumor proliferation alone can weaken or rupture the BM. Further, during the cell cycle leading up to mitosis, cells accumulate biomass and increase in volume, typically doubling in size, which may contribute to force exertion on the surrounding microenvironment (Son et al., 2015; Zlotek-Zlotkiewicz et al., 2015; Miettinen et al., 2019; Nam et al., 2019) . Further studies are needed to dissect the impact of proliferation on invasion through cell signaling programs, as well as through direct and indirect mechanical action.
Collective invasion and leader cells
While many previous studies have focused on single-cell invasion of the BM, collective invasion is likely more relevant to cancer invasion and metastasis. Histological evidence shows that cells invade collectively through the BM during initial invasion in cancer (Friedl et al., 2012) . Moreover, circulating tumor cell (CTC) clusters, or groups of cells that have successfully escaped the primary tumor and entered blood circulation, are thought to account for >90% of metastases compared with single CTCs (Cheung et al., 2016) . CTC clusters tend to derive from multicellular groupings of primary tumor cells rather than single cells (Aceto et al., 2014) . Furthermore, multicellular CTCs have up to 100-fold greater metastatic potential than single-cell CTCs (Aceto et al., 2014; Cheung et al., 2016) .
Within a cell cluster, a subpopulation of "leader cells" can emerge at the leading edge, trailed by follower cells. Leader cells Nam and Chaudhuri (2018) . (B) Cytokeratin-14 is up-regulated in leader cells during collective invasion from tumors. Based on studies in Cheung et al. (2013) . (C) CAFs physically weaken the BM, enabling tumor cells to escape from the primary tumor. Based on studies in Glentis et al. (2017) . (D) Myoepithelial cells have been shown to restrain tumor cells from escaping and recapture disseminated tumor cells. Based on studies in Sirka et al. (2018) .
are seen in wound healing, tracheal branching in Drosophila, and mammary cell morphogenesis (Khalil and Friedl, 2010; Yamaguchi et al., 2015) . Rac, β1 integrin, and phosphatidylinositol 3-kinase have been shown to be up-regulated in leader cells (Yamaguchi et al., 2015) . Moreover, leader cells have been shown to generate force to drag follower cells in a Rhomediated mechanism (Reffay et al., 2014) . However, other studies suggest that leader cells are not endowed with greater force-generating capabilities (Trepat et al., 2009) . When breast cancer cells are seeded in collagen I matrices, leader cells upregulated cytoskeletal protein keratin-14 (Cheung et al., 2013; Fig. 3 B) . While no leader cell phenotypes were observed in rBM matrix, this may simply be because the acini remained noninvasive in the soft matrices. Thus, it will be important to determine whether this leader cell behavior with up-regulated keratin-14 is observed in stiff rBM matrices or other models of BM invasion. With the understanding that BM invasion is typically collective, it is critical to understand the unique features of collective invasion and the role of leader cells.
Heterotypic cell interactions during cancer cell invasion through the BM Immune cells
Immune cells not only secrete signaling cues to promote tumor cell invasion, but also migrate through the BM themselves. Inflammation is frequently observed at tumor sites; immune cells are often found in tumor biopsies, and inflammatory diseases increase the risk for certain cancers (Mantovani et al., 2008) . Macrophages also promote cancer cell intravasation (Condeelis and Pollard, 2006) . Through paracrine signaling, cancer cells produce colony-stimulating factor-1 to stimulate migration in macrophages, and in return, macrophages produce EGF to stimulate migration in breast cancer cells (Wyckoff et al., 2004) . Subsequent studies demonstrate that macrophages and cancer cells can interact to promote invasion through signaling pathways such as NF-κB and JNK, as well as through the release of cytokines such as TNF-α (Hagemann et al., 2005 (Hagemann et al., , 2006 . Beyond cell signaling interactions, macrophages can use MMPs to degrade the BM (Tsuji et al., 2018) . A recent study found that macrophages were required for cancer cell dissemination of very early stages of breast cancers, in which tumor metastases were identified despite the presence of only premalignant tumors (Linde et al., 2018) . Macrophages can induce a malignant phenotype in a subpopulation of early disseminated cancer cells, which not only metastasize early but also interact with laterarriving tumor cells to facilitate growth of the metastasized cells. Despite the multitude of studies that have elucidated the role of immune cells in cancer, whether immune cells can facilitate cancer cell invasion via mechanical modification of the BM remains unclear.
Fibroblasts
Fibroblasts, which interact with neighboring cells through secretion of signaling molecules, were recently found to mechanically weaken the BM. Fibroblasts are mesenchymal cells that remodel ECM through degradation, mechanical remodeling, and secretion of ECM and growth factors (Kalluri and Zeisberg, 2006) . Some of these growth factors stimulate laminin and collagen IV deposition by epithelial cells (El Ghalbzouri and Ponec, 2004) . Moreover, fibroblast crosstalk with epithelial cells is necessary for proper BM formation (Smola et al., 1998; El Ghalbzouri et al., 2005) . Cancer-associated fibroblasts (CAFs), a subpopulation of fibroblasts that are distinguished by α-smooth muscle actin expression, have been known to promote cancer invasion through paracrine signaling (Kalluri and Zeisberg, 2006) and ECM remodeling (Calvo et al., 2013) . Recently, CAFs have been found to physically weaken the BM using contractile forces to expand preexisting gaps in the BM and facilitate cancer cell invasion through the gaps (Glentis et al., 2017;  Fig. 3 C) . In that study, CAFs were first seeded onto BM harvested from mouse mesentery to remodel the BM for several days. Compared to control BM with no CAF remodeling, CAF remodeled BM enhanced human colon cancer cell invasion. Moreover, cancer cells still invaded CAF-remodeled BM even in the presence of protease inhibitors. Thus, it was proposed that CAFs primarily weakened BM integrity, measured by decreased BM stiffness and increased cancer cell invasion, through contractile activity independent of protease degradation.
Myoepithelial cells
Myoepithelial cells are found between epithelial cells and the BM in some tissues and have been implicated in regulating invasion. In vivo, myoepithelial cells are found between epithelial cells and the BM, acting as an additional barrier to overcome during primary tumor escape. When co-cultured with healthy myoepithelial cells, epithelial cells form polarized acini and produce BM. However, when co-cultured with tumor-associated myoepithelial cells, epithelial cells failed to recapitulate the acini or produce BM (Gudjonsson et al., 2002) . Tumor-associated myoepithelial cells promote an invasive phenotype in mammary epithelial cells through TGF-β signaling (Lo et al., 2017) . Healthy myoepithelial cells typically surround luminal epithelial cells during noninvasive ductal carcinoma in situ, but diminish as cancer becomes invasive (Gudjonsson et al., 2005) . In a 3D co-culture organoid collagen I assay of myoepithelial cells and tumor cells, myoepithelial cells not only acted as a passive physical barrier to epithelial cells, but also actively restrained and recaptured escaping During mechanical testing, application of mechanical stress, or loading, results in an output mechanical strain, or deformation, or vice versa. (B) A material's stress-strain curve can be separated into elastic and plastic regions, with reversible deformations occuring over the elastic region, and irreversible deformations occuring over the plastic region. Hysteresis between loading and unloading corresponds to dissipated energy. E, elastic modulus. (C) In a stress relaxation test, a constant strain is applied and stress is measured. (D) In a creep test, a constant stress is applied and strain is measured. (E) A creep-recovery curve, in which constant stress is applied during the creep and stress is removed during recovery, can be used to measure viscoelasticity and plastic deformation. (F) Material descriptors and their representative materials.
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Journal of Cell Biology 2464 Basement membrane mechanics and cancer invasion https://doi.org/10.1083/jcb.201903066 epithelial cells (Fig. 3 D; Sirka et al., 2018) . This myoepithelial barrier was compromised when α-smooth muscle actin or P-cadherin was depleted (Sirka et al., 2018) . Since this study was performed in collagen I matrices, and myoepithelial cells are directly enclosed by the BM, future studies could elucidate whether an outer BM layer regulates myoepithelial cell action in restraining and recapturing invading cells.
Concluding remarks
In this review, we have discussed the evidence that beyond using proteases, cells may use physical strategies to invade the BM, a key barrier to cancer cell invasion. In addition to its biological complexity, the BM exhibits unique mechanical characteristics that contribute to its robust barrier function that is particularly important in blocking cancer progression and metastasis. A deeper understanding of these mechanical properties illuminates previously unknown physical modes of BM invasion. These physical modes of invasion provide an alternative mechanism of invasion when proteases are inhibited and may act in concert with protease-dependent invasion mechanisms in the absence of treatment. Collectively, these findings suggest strategies for overcoming the failure of MMP inhibitors in clinical trials. In particular, targeting both modalities may be necessary for designing effective therapeutics for metastasis prevention.
